INTRODUCTION
From the public health perspective, hookworm infections are important because as many as a billion people throughout the world's tropical and subtropical regions harbor these parasites. Moreover, hookworm infection is often a major contributor to iron deficiency anemia, a direct consequence of the parasite's feeding behavior. Despite their global importance, however, and the chronicity of infection, very little is known about precisely how these parasites interact with their hosts, negotiate host anatomy to arrive in the gut via circuitous pathways, and tolerate the complex immune responses generated against them and how (or even if) the immune response has any meaningful effect in terms of host protection or parasite survival.
In this review, we will focus on hookworm infections in humans, referring to findings from animals where they may provide useful insights into the immune response against these parasites. The parasites and their biology are described briefly, and the host-parasite interactions are presented to explain how these underlie the immune responses generated. Immunological responses to hookworm infections in both human and experimental animal hosts were exhaustively reviewed by Behnke a decade ago (11) , and their contribution to pathogenesis was explored more recently (118) . The most exciting and promising recent development in this field has been the ongoing identification and characterization of molecules that might be involved in the interaction between hookworms and their hosts. Here we will concentrate on these recent findings, but first we will briefly outline the biology of the parasites and the immune responses that are generated in infection.
The Parasites
Hookworms are members of the family Ancylostomatidae, strongyl nematodes assigned to 18 genera that parasitize a wide range of mammalian hosts (70) . The two species that account for almost all human infections, Ancylostoma duodenale and Necator americanus, are highly host specific and occur in most warm-temperate regions (8) (Fig. 1) , infecting an estimated 1.3 billion people (32) . A zoonotic species in Asia, A. ceylanicum, also causes patent human infection but is only of localized importance, and its precise geographical distribution has not been delineated. The most widespread of all hookworms, Ancylostoma caninum (Fig. 2) , is a parasite of dogs which has recently been confirmed to develop in the human gut (but without maturing sexually), thus providing novel insights into host-parasite interactions (119) .
Biology and Life Cycles
Hookworms live in the small intestine and feed on host mucosa and blood (127) . Female worms produce eggs, which pass out in host feces to embryonate in the soil. The hatched first-stage larva feeds on microorganisms and develops through two molts to the infective third stage (L3), which is enveloped in the loose outer cuticular sheath left over from the second molt. This nonfeeding L3 positions itself so as to maximize its chances of contacting a new host, which it penetrates after skin contact.
The best known hookworm life cycle, and perhaps the most complex, incorporating all the known critical features of this group, is that of A. caninum (Fig. 3) . Infective L3 attach to the canine host on skin contact and penetrate via hair follicles, eventually entering blood or lymphatic capillaries. Feeding re-FIG. 1. Presumed current world distribution of human hookworm infections, derived from numerous sources. Zones where A. duodenale predominates are indicated in red, whereas areas where N. americanus is primarily endemic are cream. Note that (i) the outer limits of regions of endemic infection are indicated, although focal infection prevalences and intensities vary widely according to local geographic, socioeconomic, climatic and other factors; (ii) in southern Europe and northern Africa, A. duodenale is virtually the exclusive species; (iii) in sub-Saharan Africa, both species occur together, although N. americanus predominates generally and is the exclusive species in many foci; (iv) in China, A. duodenale occurs exclusively in the northern range whereas N. americanus predominates in the south, with a broad overlapping of the two species in the intermediate zone; (v) recent data are not available from the southeastern United States; (vi) in Australia, A. duodenale is the only species now present, although in the past, both A. duodenale and N. americanus were endemic, to a much more extensive zone than indicated here, with frequent mixed infections; (vii) A. ceylanicum has been found in southern India, Sri Lanka, Indonesia, Malaysia, and neighboring countries in Southeast Asia and western New Guinea.
FIG. 2. Light microscopic view of the mouth of a live, adult
A. caninum worm, showing three teeth on either side of the ventral rim of the buccal cavity.
commences on exposure to plasma (55) , and the worms resume growth. They are passively carried to the pulmonary microcirculation, where they can follow either of two pathways. The "classical" route, tracheal migration, occurs when the L3 penetrates into an alveolus, to be swept in mucus up the airways and then down into the gut. As the third molt occurs en route, it is the fourth-stage larva (L4), with a primordial buccal capsule and developing genital system, that attaches to intestinal villi and starts feeding. Alternatively, larvae can proceed into the systemic circulation and disperse through tissues (somatic migration), depositing in skeletal muscle fibers as hypobiotic (dormant) L3. In young pups, tracheal migration predominates, but as the pups age, an increasing proportion of incoming L3 undergo somatic migration, so that in adult dogs, most larvae enter tissue repositories. The underlying mechanism for this switch is unknown, but it is obviously related to physiological changes of aging and might also be influenced by immunity. Some skin-penetrating L3 possibly migrate directly into underlying skeletal muscle. Oral ingestion of L3 will also lead to patent infection, but the relative natural importance of this route is unknown (although it is probably insignificant); it seems that some L3 will develop directly through to L4 in the gut, whereas others penetrate the mucosae to undergo pulmonary (tracheal or somatic) migration. Hypobiotic L3 seem to have endogenous "time clocks," since they reactivate (in temperate regions) prior to the onset of the warm, wet season; enter the gut; and develop into adult worms when conditions are optimal for transmission. Perhaps even more important is transmammary infection of neonatal pups, which follows the activation of dormant L3 by the hormonal changes at parturition; these L3 emerge from their tissue reservoirs, enter the maternal circulation, and then leave it on passing through the mammary gland, so that entire litters can become heavily infected through milk and start voiding hookworm eggs as early as 14 days after birth.
In the gut, the adult worm feeds by sucking a clump of villi into its buccal capsule, effectively burying its anterior end into the mucosa or deeper (Fig. 4) . The large, anterior glands secrete various products, including proteases and anticoagulant peptides, into the worm's buccal cavity and esophagus, as well as into the attachment site, to "predigest" host mucosal tissues. The buccal capsule is "armed" either with teeth (Ancylostoma species) or with cutting plates (N. americanus), which probably help to anchor the worm and facilitate host tissue maceration (Fig. 5) . The worms change position every 4 to 6 h, possibly in response to tissue depletion and/or the onset of local inflammation.
It seems that A. duodenale, which probably shares a recent ancestry with A. caninum (131) , has virtually all these features in its life cycle, although for obvious reasons less hard evidence is available. Hypobiosis of L3 and maternal infections are strongly indicated by epidemiological observations (122) . This makes it well suited for temperate regions, and so it is the dominant (or only) hookworm causing patent human infec- FIG. 3 . Life cycle of the common canine hookworm, A. caninum. First-stage larvae (L1) hatch from the eggs and feed on microorganisms in the soil before molting to become L2. L2 molt in the soil to become the infective, nonfeeding L3, which can penetrate the skin of a host. If ingested by dogs, L3 can develop directly into adult parasites (and will also undergo somatic migration in dogs and paratenic hosts), but this is unlikely to be a significant route of infection. Some skin-invading L3 may penetrate directly into underlying skeletal muscle (in experimental rodents, at least). As the host ages, fewer L3 develop directly into adults and most proceed to skeletal muscle, to become hypobiotic. The fate of L3 in humans resembles that in adult dogs, with only occasional hypobiotic L3 becoming activated from muscle and migrating to the gut via the tracheoesophageal pathway. The life cycle of A. duodenale in humans has many parallels with this, except that age-related resistance does not develop, so that larval hypobiosis (and hence transmammary transmission) are less prominent.
tions in southern Europe, northern India, China, and other regions with long dry or cold seasons. Adult worms of both human and canine Ancylostoma species have short life spans, perhaps only 6 to 12 months, but an individual infection can persist for years because of intermittent reactivation of hypobiotic larvae. Worm longevity in the normal host is almost certainly an innate characteristic, since there is no evidence that it is affected by host immunity.
N. americanus undergoes only tracheal migration in its definitive human hosts, and so neither somatic migration nor larval hypobiosis occurs. This species maintains prolonged infections simply through the longevity of adult worms, which have been recorded in exceptional circumstances to survive for up to 18 years (8, 104) (although the average is closer to 5 years). Its larvae are also thought to be incapable of developing directly in the gut after oral infection, but this is probably of minimal significance. N. americanus tends to be much more tropical in distribution, predominating in Africa (where it probably originated [130] ), as well as Southeast Asia, Melanesia, and Latin America. Perhaps this reflects the temperature requirements of the free-living larval stages, although in many locations, infections with both N. americanus and A. duodenale are well documented, often sharing individual hosts. Fully developed adult A. duodenale worms are larger than N. americanus worms (females are up to 13 and 11 mm long, respectively; males are slightly smaller), and consequently they produce more eggs (25,000 versus 10,000/female/day) and cause more blood loss from their hosts (0.2 versus 0.05 ml/worm/day).
Infective larvae of zoonotic hookworm species also can invade human skin, but only A. ceylanicum will develop fully to patency. Others perish in the skin or lungs, and Ancylostoma braziliense (also a parasite of dogs and cats) sometimes produces a characteristic rash (creeping eruption); however, none seems capable of reaching the gut or at least of producing patent human infection.
Immune Responses to Hookworm Infection
The complexity of the hookworm life cycle offers numerous opportunities for the parasite and host to interact at the molecular level. Further, natural attrition of larvae at critical barriers, such as during skin invasion, and transit through lung tissues, as well as arrival in the gut and penetration of its mucosa, presents the host with an extensive diversity of antigenic challenge, immune stimulation and, most probably, immune modulation. Experimental analysis of this complex interaction has only touched on some of its individual components.
There is a notable absence of suitable animal models for human hookworm infection, and extrapolation from immunological findings in abnormal hosts can be unreliable. To illustrate, N. americanus will mature in hamsters, but only when 1 to 3-day-old pups are infected with larvae; older animals acquire resistance quickly and do not develop patent infections (124) . A. duodenale is also fastidious, surviving to adulthood only in immunosuppressed dogs (129) . Furthermore, laboratory-selected and bred parasites may represent unusual strains with atypical characteristics.
While anthropophilic hookworm infections induce immune responses in human hosts, there is little evidence that these responses are protective (10) . In contrast, the closely related canine parasites, A. ceylanicum and A. caninum, seem to be effectively controlled by dogs as they mature and experience multiple infections (25, 92) . Since Behnke's review (11), the major contributions to hook-
A. caninum adult female worm in situ in the small intestine of a dog, with some mucus washed away. Note the leakage of blood around the anterior (A) end of the worm (buried in the mucosa), caused by disruption of villous capillaries and anticoagulant effects of worm secretions at the attachment and feeding site. Ingested host blood and shreds of canine mucosa are visible through the cuticle, within the gut toward the posterior (P) end of the worm (most of the visible internal structures are secretory glands and genital tract).
FIG. 5.
Histological section through the anterior extremity of a feeding adult A. caninum worm, in situ deep in the mucosa of the canine gut. The section was immunostained using the peroxidase antiperoxidase method, so that canine tissues stain blue while hookworm secretions are brown. (Copyright N. Sawangjaroen.) Note (i) the crypt elements drawn into the liquefied mucosal plug (LM) containing either intraepithelial lymphocytes and/or eosinophils (the stain used does not distinguish these cell types) within the worm's buccal cavity and (ii) the extensive spread of hookworm secretions into the mucosa (and beyond, into the submucosa [not shown here]), with lysis of (and bleeding into) host tissue not in immediate contact with the worm. One tooth (T1) can be seen at the ventral anterior margin, along with a second deep tooth (or spine [T2]), which is quite distinct from anterior teeth, in the heavily sclerotized buccal capsule near the pharyngeal opening (P). The brown, disintegrating zone at top left represents a focus of histolysis caused by the worm's secretions. worm immunology derive from immunoepidemiological studies in human populations. Although offering interesting insights and raising new questions, these studies are seriously confounded by uncontrollable variables, including undetermined past and present coinfections (with other helminths, as well as protozoa and microbes), unknown exposure and treatment history of individuals, nutrition, and genetics. Pilot expressed sequence tag (EST) projects have revealed numerous gene families that encode hookworm proteins with potential immunomodulatory properties, providing new information and perhaps novel targets for use in control of hookworm infections. The N. americanus adult EST data set has been published (34) and can be accessed through its own independent web site (http://nema.cap.ed.ac.uk/nematodeESTs/Necator /Necator.html), and both the Necator and A. caninum L3 data sets can be accessed through dbEST (http://www.ncbi.nlm.nih .gov/dbEST/index.html).
In this review we summarize the essential features of the immune responses to hookworms and then consider the molecules in more detail.
IMMUNE RESPONSE TO INVASIVE LARVAE
Extensive antibody responses are mounted against larval and adult hookworms, but their effect on the parasites remains unclear. Furthermore, it is difficult to distinguish between antilarval and antiadult responses, given that L3 and adults share many antigens (11, 24) .
On penetrating the skin, hookworm L3 usually slough their outer cuticular sheaths and secrete enzymes that facilitate migration through tissues. Even in their normal definitive hosts, significant numbers of larvae perish at this stage (probably for reasons unrelated to host immunity), breaking down to release an extensive range of immunoreactive molecules.
Entry of larvae into the circulation is likely to herald a new phase of interaction with the immune system, although their sojourn in the bloodstream is short-lived, since they are en route to the pulmonary vascular bed (or tissue repositories, in the case of A. duodenale and A. caninum). Their arrival in the lung capillaries and subsequent perforation of alveoli, perhaps facilitated by the secretion of more antigens, induces responses from pulmonary representatives of the immune system. Some L3 are trapped and perish here, while the survivors, transported by the mucociliary escalator, perhaps interact with antigen-processing cells in the bronchotracheal mucosa. In preparation for existence in the gut, the larvae here molt for the third time, releasing more antigenic molecules that might have immunomodulatory properties.
It has been proposed that immune responses to anthropophilic and zoonotic hookworms differ significantly even at the earliest stage of infection. The majority of anthropophilic L3 penetrate the skin asymptomatically to enter the circulation (6, 101), while zoonotic larvae are trapped in the dermal layers, causing either a classical creeping eruption (A. braziliense) (150) or ground itch (A. caninum). However, larvae persisting in the skin represent only a small minority of total invaders, since most seem to penetrate the circulation and, even for A. braziliense, reach at least as far as the lungs (118) .
Humoral Response
Larval sheath antigens are immunogenic and are stage specific in their expression. Most hookworm L3 cast their outer sheaths on skin penetration (85) , but some seem to retain the sheath; antibodies from people infected with N. americanus recognize surface antigens of ensheathed but not exsheathed L3 by immunofluorescence (112) . Antibodies have been detected to L3 exsheathing fluid, prompting the suggestion that the cast sheath and associated antigens diverted the immune response away from the potentially vulnerable larval surface (69) .
In Papua New Guineans infected with N. americanus, strong antibody responses representing all five human immunoglobulin (Ig) isotypes were found to larval and adult antigens (116) , but the responses varied widely in the larval antigens recognized (24) . While much of the IgE response in helminth infections is not directed against the parasite, detection of IgE antibodies against Necator L3 proved to be highly specific and sensitive for diagnosing infections, and, furthermore, IgE was the least cross-reactive isotype (41, 115) .
Human and canine hookworms do not reach maturity in laboratory hosts such as mice. Infective L3 penetrate the skin and can migrate through the lungs and other extraintestinal tissues similarly to somatic migration in the definitive hosts (12) . Mice rapidly become resistant to otherwise fatal doses of L3, and this antilarval resistance is thought to be mediated by significant increases in levels of IgM, IgG1, and IgE (59). Furthermore, antibody-dependent cell-mediated cytotoxicity is thought to play a central role in trapping and killing of L3 in murine infections (59, 136) . However, it cannot be overemphasized that these experimental infections do not represent natural exposure in humans: the larval doses used in mice are grossly disproportionate, their routes of administration are often unnatural (e.g., subcutaneous, intragastric, intraperitoneal), and the findings do not reflect the humoral immune response of humans to anthropophilic hookworms, although they could provide valuable information for researchers involved in designing hookworm vaccines.
Cellular Response
Eosinophils predominate in the inflammatory response to hookworm L3 in tissues (11) , and, given a sufficient larval dose, this is reflected by peripheral blood eosinophilia. Circulating eosinophils from human volunteers infected with N. americanus were functional and secreted superoxide, while neutrophil numbers and activation remained unaffected (149) . Peripheral eosinophil responses in experimental human infections with either N. americanus (86) or A. duodenale (99) were boosted greatly by the arrival and development of worms in the gut, probably reflecting accelerating antigenic output by the feeding L4 and adult stages.
Hookworm larval migration through the lungs is often associated with clinical pulmonary abnormalities, which probably reflect a combination of physical trauma and tissue inflammation (118) . Eosinophils have been recovered by bronchoalveolar lavage from mice infected with N. americanus (143, 144) , but such findings are less common in humans (118) . In vitro, human eosinophil binding to N. americanus L3 becomes maximal in the presence of complement and antibodies (37) , although it is not known if this adherence is larvicidal.
The contribution of eosinophils to the in vivo destruction of helminth parasites is even less clear. The evidence suggests that these cells can kill infective larval stages but not the adults of most helminth species investigated (89) , and it is supported by studies with genetically modified mice. Interleukin-5 (IL-5) is a critical growth and differentiation factor for eosinophils, and IL-5 transgenic mice have an enhanced capacity to kill larvae of Nippostrongylus brasiliensis but not Toxocara canis (36) . However, IL-5 knockout mice infected with A. caninum did not mount blood eosinophilia and yet still had the same numbers of L3 in their tissues as did normal mice after 6 weeks (J. Landmann and P. Prociv, unpublished data), indicating that an absence of circulating eosinophils in mice does not increase susceptibility to hookworm L3 invasion.
Larval Hypobiosis
Invasive larvae of A. duodenale (but not N. americanus) can enter hypobiosis in the definitive host, becoming developmentally arrested in the muscles (and perhaps other tissues) and reactivating when conditions might be more favorable for transmission. Experimental infection of volunteers with A. duodenale triggered a small, initial rise in circulating eosinophil numbers with no further change until week 33 of infection, when they climbed sharply. Eggs were first observed in stools 7 weeks later, indicating a prepatent period five times that expected for this parasite (99) . Larval hypobiosis explains why the transmission of A. duodenale coincided with the monsoon season, when environmental conditions were most favorable for larval survival (132) . Larval arrest is much more convincingly documented with A. caninum in dogs, where arrested larvae mobilize at the end of pregnancy and infect newborn pups by the transmammary route (133) . While L3 have not been detected in human milk, the circumstantial evidence is strong, with documented intense neonatal infections (121, 153) suggesting transmammary (and/or transplacental) transmission of A. duodenale.
IMMUNE RESPONSE TO ADULT HOOKWORMS
The hallmark feature of hookworm disease is iron deficiency anemia, a direct outcome of adult parasite feeding activity (especially in A. duodenale infection) in a host with deficient iron and protein intake. However, gastrointestinal disturbances are also a feature, especially in the earlier stages of infection, and seem to reflect intestinal inflammation (118) .
Humoral Response
Like most intestinal helminthiases, hookworm infection is characterized by antibody responses dominated by IgG1, IgG4, and IgE, which in turn are under the control of Th2 cytokines, typically mediated by the effects of IL-4. Various methods have been used to identify these antibody responses, ranging from observation of immunoprecipitates around oral openings (102) to more detailed analyses of Ig subclasses against somatic and excretory/secretory (ES) products by enzyme-linked immunosorbent assay and Western blot analysis (79, 80, 112) .
Studies of Papua New Guineans infected with N. americanus showed that antibody isotypes responded differently before and 2 years after anthelmintic treatment (116) . Egg counts and worm burdens rose to about 50% of pretreatment levels 1 year after the initial chemotherapy. IgG and IgM levels against adult ES antigens had fallen significantly 1 year after treatment, and IgG levels continued to decline over the following year, while IgM levels increased again but did not reach pretreatment levels, consistent with ongoing reinfection. IgE levels fell only slightly, and, in contrast, IgA and IgD levels increased over the 2-year period. The levels of all isotypes raised to larval antigens except for IgD dropped after the first year, but each isotype had recovered to its original level by the following year except for IgG, whose level continued to decline. Interpreting these data proved difficult, given that the patients were reinfected by 12 months posttreatment. The authors suggested that sufficient reinfection might have provided the smaller quantities of antigen required to maintain the local IgA and IgE responses compared with the larger quantities needed to maintain systemic IgG and IgM responses, accounting for the isotype profiles observed. It was concluded that levels of IgG and IgM against adult ES antigens provided the best indicator of both current infection with adult parasites and efficacy of chemotherapy, since these isotypes were the most strongly affected by treatment (116) . However, despite this vigorous response, there is little evidence that antibody levels correlate with protection against hookworms (see "Immune protection against hookworms" below).
Like acute allergy, tissue invasion by helminths is associated with elevated levels of IgE in serum. Much of this IgE induced by helminth parasites seems to be directed against heterologous antigens and is tightly regulated by opposing cytokines. Th2 cytokines (typically IL-4, IL-5, and IL-13) predominate, with IL-4 promoting the synthesis of IgE, while Th1 cytokines such as gamma interferon inhibit its production (128) . This observation led to speculation that helminth parasites secrete proallergic mediators that induce polyvalent, non-parasite-specific IgE, thus saturating IgE receptors on effector cells (106) . A recent study has shown that IgE antibodies were more specifically directed against N. americanus epitopes than were other Ig isotype responses (115) . Preadsorption of human N. americanus infection sera with antigens from closely related hookworm species had little effect on anti-Necator IgE levels (1.0 to 2.4% decrease in mean optical density values), while the IgG levels dropped by 19 to 23%. In human intestinal infection with A. caninum, IgE responses proved to be more specific than IgG responses to ES antigens, with selected patients generating detectable levels of IgE but not IgG to a diagnostic antigen (80) . Patients infected with A. duodenale produce both systemic and jejunal IgE that specifically binds to larval antigens (41) , suggesting that some hookworm allergens are shared by migrating larvae and adults residing in the gut.
Circulating IgG1 and IgG4 levels are frequently elevated in helminthiases, including hookworm infections, and specific IgG4 has been suggested to be a marker of active infection with N. americanus (103) . The role of IgG4 is poorly understood, although, like IgE, it is upregulated in atopic conditions and helminthic infections. It is thought to downregulate immune responses by competitively inhibiting IgE-mediated mechanisms, e.g., by blocking mast cell activation (145) . In addition, IgG4 does not fix complement and only weakly binds to Fc␥ receptors. Therefore, antigen binding by IgG4 is likely to be less harmful to the host than binding by IgE. The potentially harmful effects to the host of an exuberant IgE response are further restricted by the production of IgG autoantibodies to IgE (114) . This complex area needs further exploration, especially if vaccines are to be developed against hookworm infections.
Adult hookworms induce the production of secretory IgE (68), IgG, and IgM but not IgA (41) , and the levels of these Igs return to normal after anthelmintic treatment. The absence of secretory IgA in these patients was intriguing (11) and might be accounted for by the secretion of hookworm proteases that specifically cleave IgA (107).
Cellular Response
Information on the cellular immune response in human hookworm infections is sparse: essentially, a Th2 response predominates, generating IgE and eosinophilia.
Eosinophils
Eosinophils feature prominently in the leukocytic response to adult hookworms (11, 118, 149) , and their circulating numbers reflect the worm burden (112) . Infections of volunteers with N. americanus (86, 149) and A. duodenale (99) were characterized by blood eosinophilia, although the dynamics of the response varied with the species. Larval hypobiosis and reactivation in A. duodenale infection was thought to underlie the small initial increase followed by the sudden rise in eosinophil levels at week 33 of infection, shortly preceding the appearance of hookworm eggs in feces (99) . With Necator, volunteers exposed to L3 rapidly developed blood eosinophilia, which peaked between days 38 and 64 (86) . Systemic eosinophilia is also pronounced in human enteric infections with A. caninum (118) (119) (120) .
Obviously, eosinophils in the blood are in transit from the bone marrow to their effector sites, the small intestine in this case. In human infections with both anthropophilic and zoonotic hookworms, infiltration of the worm feeding site with eosinophils is an almost universal feature, but it varies according to the stage and intensity of infection as well as to individual host factors. In extreme cases, exemplified by human eosinophilic enteritis associated with A. caninum, all layers of the gut from the mucosa to the serosa can be severely affected by intense eosinophilic inflammation (118, 120) .
T Cells and Cytokines
Very little is known about T-cell reactivity in hookworm infections; only two studies have examined human blood lymphocyte responses, both in Necator infections. Peripheral T cells reacted strongly to mitogens (86) and weakly to hookworm antigens (141) . Clinical manifestations did not correlate with lymphocyte responses, either in these studies or in animal models.
In general, nematode infections drive a strong Th2 response, promoting IgE synthesis and eosinophil production and migration, as well as production and proliferation of suppressor cell populations (3, 7) . This response is mediated by parasite secretions and can be induced by immunizing naive animals with ES products alone (2) . While cytokine profiles have not yet been reported from either animal or human hookworm infections, many detailed reports have been published from other helminthiases, including those in cytokine transgenic and gene knockout mice. It is very likely that many of the findings will apply directly to hookworm infection, although this remains speculative in the absence of data.
Mast Cells
Mast cell degranulation in response to IgE-allergen interaction plays a critical role in the local mobilization and activation of eosinophils (40) . Mast cell proteases degrade cuticular collagens of adult N. americanus (87) and no doubt are important in the host response to hookworms, but they have attracted sparse research attention. Hamsters infected with host-adapted A. ceylanicum quickly developed resistance to infection with this species, characterized by increased antibody production and mucosal mastocytosis (9, 42) .
Mast cells are instrumental in resistance to some other intestinal helminthiases. While the mechanisms are unclear, neutralizing antibodies to IL-9 inhibit the production of mast cell protease I and prevent normally resistant mice from clearing infections with Trichinella spiralis (126) . In contrast, abrogation of IL-3 and IL-4 cytokines required for mast cell hyperplasia led to an 85 to 90% decrease in mucosal mast cell numbers in mice infected with Nippostrongylus but had no effect on worm expulsion (82) .
Hookworms appear to be more resistant to intestinal inflammation than are most other intestinal nematodes, perhaps reflecting their attachment and feeding strategies. Hamsters coinfected with T. spiralis and A. ceylanicum or N. americanus produced an intense mucosal response that cleared T. spiralis (albeit more slowly than in hamsters with just T. spiralis), while the hookworms remained relatively unaffected (13) . Indeed, depressed anti-T. spiralis antibody levels indicate that hookworms might protect other parasites by generally suppressing immune responses (13) .
IMMUNE PROTECTION AGAINST HOOKWORMS
Despite the antibody responses, eosinophilia, and florid intestinal inflammation that can be induced in human hookworm infections, there is no clear evidence that this offers the host any protection by significantly reducing larval and adult hookworm numbers (118) . Regardless, correlations between antibody levels of naturally infected humans and hookworm burdens have prompted some authors to conclude that protective immunity does develop in some individuals (113) , but uncontrollable variables such as reinfection after treatment, behavioral modifications, and concurrent infections with other parasites make interpretation of this data very difficult. Clinical manifestations in volunteers infected with small numbers of Necator larvae (86) varied from none to acute, severe intestinal disturbance, highlighting the heterogeneity in the response to hookworms in humans.
IgE and Protection
Among Papua New Guineans infected with N. americanus, those with higher levels of total IgE had fewer and less fecund parasites, both at initial anthelmintic treatment and 2 years after reinfection (113) , prompting the authors to suggest a VOL. 14, 2001 IMMUNE
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on November 2, 2017 by guest http://cmr.asm.org/ protective role for polyvalent IgE. However, correlations of hookworm weight and fecundity with levels of specific antibodies of all isotypes to N. americanus ES products were not significant, and levels of anti-ES IgE showed a trend toward a negative correlation, indicating that total IgE rather than antiparasite antibodies were associated with protection. It has been suggested that the massive quantities of total IgE induced during helminth infections protect the host against atopic disorders, by saturating mast cell Fc⑀ receptors and suppressing specific IgE production against allergens. The presence of infection with some helminths, such as Ascaris lumbricoides, is often negatively correlated with atopic disorders such as asthma (81) . However, this does not seem to apply to hookworms, where no such correlation was found (114) .
Age-Dependent Acquired Immunity
In many gut helminthiases, the prevalence and intensity of infection are higher in children (or young animals) and decline with age. In humans, this has been attributed to age immunity and/or to behavioral changes that diminish exposure to reinfection, two influences which have been remarkably difficult to distinguish by epidemiological studies. Certainly, occupational exposure explains the high levels of hookworm infections in some adult groups, such as plantation workers or coal miners, and no convincing evidence of immunity developing with age has been put forward.
While immunity to human (and canine) hookworms is rapidly acquired in experimental animals and acts against invading L3, the development of protective immunity to these same parasites in humans is not obvious. Varying correlations between levels of IgG (anti-larval and anti-adult ES) and worm burdens in different age groups have also been reported but are difficult to interpret, given the repeated exposure and concurrent infections in hookworm-endemic populations (118, 123) . Such findings have yet to be reported for natural A. duodenale infections.
On the other hand, dogs do develop age-related immunity to A. caninum (92) , and they can be successfully protected by vaccination with irradiated L3 (see "Vaccination against hookworms" below). Dogs also develop resistance to A. ceylanicum (25) , which does not undergo larval hypobiosis, indicating that the canine immune system might hold the key to successful protection against human hookworm infections.
ALLERGIC REACTIONS Cutaneous
Cutaneous penetration is the exclusive or predominant infection route for all human hookworm infections (even though A. duodenale and A. caninum are also capable of developing to adulthood after oral ingestion of L3). With reexposure to infective hookworm L3, various inflammatory responses can be generated, ranging from asymptomatic to static ground itch lesions to classic, migratory creeping eruption, regardless of the hookworm species. Generally, however, anthropophilic species produce less extensive skin changes, while A. braziliense is the notorious cause of the last manifestation, even with exposure presumably to small numbers of L3 (118) . Eosinophilia and elevated serum IgE levels were reported in only a minority of 98 patients who presented with creeping eruption to a travel medicine clinic (63) , suggesting that a few L3 are insufficient to trigger a detectable response.
Pulmonary
As larvae of A. duodenale and N. americanus traverse the human lung, they can induce focal hemorrhagic and inflammatory lesions that may manifest clinically, although generally this is not as severe as the symptoms of Loeffler's syndrome associated with migrating Ascaris larvae (8) . Invasive L3 of A. caninum rarely trigger respiratory symptoms, and then only at very high doses (118) . On the other hand, pulmonary involvement seems to complicate even light exposure to A. braziliense L3 surprisingly often and is associated with blood eosinophilia (118) . Given that the L3 of A. braziliense probably do not proceed beyond the human lung, perhaps their disintegration in situ provides an excessive local antigenic stimulus, and inflammation then manifests as respiratory symptoms and radiological abnormalities (whereas L3 of A. caninum simply move on).
The role of pulmonary tissues in immune responsiveness to and protection against hookworm infections has not been studied.
Intestinal
Intestinal hookworm infection is associated with variable levels of local inflammation and clinical illness. The initial symptoms seem to coincide with the arrival in the gut of the L4, with its rapidly developing anterior glands and genital system, and are most probably triggered by secretions injected into the host mucosa (118) . Given the involvement of IgE-primed mast cells, eosinophils, characteristic cytokines, and other accoutrements of the Th2 response, it is difficult to distinguish this type of "normal" inflammation from hypersensitivity. In this case, the allergic reaction seems not to remove the parasite, so that the allergenic stimulus persists indefinitely, although a state of tolerance gradually ensues. What is not clear is the timing and location of the sensitizing stimulus: could antigens secreted at the point of skin penetration by L3, or their pulmonary transit, prime the gut for this response, or does it depend on local immune interactions? And does this matter in natural infections, where people are presumably exposed to invasive larvae over prolonged periods?
When A. caninum was incriminated in human eosinophilic enteritis (31, 119, 120) , the initial interpretation was that this parasite stimulated excessive inflammatory reactivity because it was in an unsuitable host (29) . However, a retrospective analysis of human infection with anthropophilic hookworms indicated that severe enteritis was not so unusual, in extreme cases being comparable with eosinophilic enteritis provoked by the canine hookworm. Furthermore, it seems that the majority of people who develop enteric infection with adult A. caninum remain subclinically infected; i.e., they do not mount a significant inflammatory response (assuming that clinical features reflect the intensity of gut inflammation [118] ).
In severe cases of eosinophilic enteritis caused by A. caninum, only solitary worms have ever been recovered from patients, compared with larger numbers in the typical case of anthropophilic worm infection (119) . This discrepancy in the numbers of adult parasites might hinge simply on one key difference between the two infections. Most, if not all, canine hookworm L3 that penetrate human skin do not proceed to the gut but settle in tissue repositories from where (only sporadically) individual L3 mobilize to move into the gut. With human hookworms, most if not all L3 go directly to the gut (excluding hypobiotic larvae). In a hypersensitized individual, the quantity of antigens secreted by just one adult worm would be sufficient to trigger severe inflammation, so that the worm burden would be immaterial: either one A. caninum or several or many A. duodenale or N. americanus worms would provoke similar pathological and clinical responses. It also seems that a state of immunotolerance gradually ensues in ongoing intestinal hookworm infection, with a decline in inflammation and symptoms. This does not occur with human A. caninum infections, since the single worm is expelled within weeks (followed by a rapid resolution of inflammation) through mechanisms that might have little to do with immune responses (16, 74, 117) . That immunoreactivity might not reflect inflammatory events in the gut is exemplified by one individual who was found harboring a canine hookworm at colonoscopy, had very high levels of specific IgG and IgE antibodies in blood, and yet was asymptomatic (30, 80) .
In an experimental study, clinical and immunological responses were monitored in five volunteers who each received a single dose of 50 L3 of N. americanus (86) . Their symptoms varied dramatically, with one volunteer experiencing such severe intestinal pain that the infection had to be terminated early. Interestingly, this individual was the only one who failed subsequently to pass hookworm eggs in the feces. For obvious reasons, eosinophil numbers in the gut were not determined; however, the increase in blood eosinophil levels for this patient was unremarkable compared with that for the other four volunteers. It is tempting to assume that the gut inflammatory response successfully removed developing worms from this patient; however, the small sample used in this study means that caution should be used when considering the response to adult worms in the gut, especially since larval rather than adult hookworm antigens were used to measure antiparasite lymphocyte and humoral responses.
It would appear, therefore, that in the majority of infected people, both zoonotic and anthropophilic hookworms develop in the gut without triggering severe inflammation (and ensuing symptoms) whereas a minority of hypersensitive individuals respond intensely, even to just one worm.
VACCINATION AGAINST HOOKWORMS
In natural infections it seems that hookworms effectively subvert or depress the development of protective immunity in most people. Consequently, the development of an efficacious vaccine presents a daunting challenge. However, dogs naturally acquire resistance to A. caninum and A. ceylanicum, making the task of developing a canine hookworm vaccine more feasible.
Irradiated Larval Vaccine
A highly effective vaccine was developed to control A. caninum infections in canids over 30 years ago. Dogs immunized by exposure to X-irradiated A. caninum L3 were protected against subsequent challenge with normal larvae (93) . This immunity could be transferred passively to naive recipients by serum and lymphoid cells (94) , but it was not established whether larvae were killed during migration or whether they reached adulthood but were expelled from the gut prior to patency (11) . It is also not clear whether vaccination simply drove more larvae into tissue reservoirs rather than allowing tracheal migration and normal intestinal development. The vaccine was developed commercially and yielded 90% protection levels (sufficient to prevent the serious complications of anemia or fatal gut hemorrhage) but was soon removed from the market because pet owners and veterinarians were concerned that sterile immunity was not induced and because manufacturing and transporting irradiated hookworm larvae on a large scale was logistically problematic (91) .
Secreted Antigens
Most of the current experimental antihookworm vaccine work utilizes A. caninum in mice, i.e., paratenic hosts, in which larvae migrate somatically. Large inocula (Ն1,000) of larvae are lethal, causing extensive pulmonary hemorrhages. However, immunization of mice with smaller doses of L3 protects them against otherwise lethal challenge doses by reducing the numbers of L3 that reach the lungs (152) . Given that L3-mediated protection was attainable, larval secretions became the focus of interest, with the subsequent discovery of the Ancylostoma secreted-protein (ASP) family.
Developmentally arrested A. caninum L3 can be stimulated to feed in vitro by exposure to serum (54) , with resumption of development being accompanied by secretion of a novel protein, ASP-1 (53), a cysteine-rich protein that has sequence similarity to a family of vespid allergens and to neutrophil inhibitory factor from A. caninum. Vaccination of mice with recombinant ASP-1 led to a 79% reduction in the number of larvae recovered from lungs (45) and stimulated much interest in developing this family of proteins to control helminth infections. Protection is not achieved in mice that do not express the IL-4 gene or in mice that develop a strong Th1 response after DNA immunization, indicating that it is mediated by Th2-dependent mechanisms (59) .
ASPs have since been found in other hookworm species (34, 134) , as well as other nematode families, including ascarids (142) and filariids (EST sequences deposited in the dbEST database: http://www.ncbi.nlm.nih.gov/irx/dbST/dbest_query .html). Immunization of mice with recombinant ASPs from different hookworm species elicited different degrees of protection, proportional to the extent of amino acid sequence homology between the vaccine ASP and that produced by the challenge A. caninum larvae, ASP-1 (134) . The recently published EST data set from adult N. americanus contains nine different cDNA sequences encoding ASP-like proteins (34) , which, given their sequence similarity to immunomodulatory proteins, such as neutrophil inhibitory factor (NIF), might be important in regulating inflammation in larval migration and adult attachment sites (see "Neutrophil inhibitory factor" below).
Anticoagulant proteins of hookworms are also of current research interest, both as potential targets for anti-hookworm interventions and as therapeutic agents in clinical medicine.
The adult parasites express a range of proteins with potential antihemostatic functions including inhibitors of factor Xa (23, 137) , factor VIIa/tissue factor (137), and platelet aggregation and adhesion (26) . Other proteins, such as various mechanistic classes of proteases and C-type lectins, that have potential roles in interfering with blood clotting and evasion of immune responses are considered in the next section.
HOOKWORM MOLECULES OF IMMUNOLOGICAL INTEREST
Hookworms secrete copious quantities of antigens into host tissues, to provoke vigorous antibody responses, even though adult parasites generally are long-lived and seem not to succumb to inflammatory reactions that expel other gastrointestinal nematodes. These secretions might aid worm survival in a number of ways, such as inducing apoptosis of T lymphocytes (27) and other effector cells, minimizing or interfering with inflammatory processes, and selectively skewing the phenotype of the immune response generated. The recent explosion in gene discovery projects for free-living and parasitic nematodes has revealed numerous gene families that encode proteins with potential immunoevasive properties.
Neutrophil Inhibitory Factor
An almost universal characteristic of tissue helminthic infections is the marked local and systemic eosinophil response. A possible contributor to the small numbers (or perhaps low activity) of neutrophils in hookworm feeding sites is the secretion of NIF, a novel, cysteine-rich, glycoprotein that is secreted by adult A. caninum and potently inhibits CD11b/CD18-dependent neutrophil function in vivo (96) . NIF blocks the adhesion of activated human neutrophils to vascular endothelial cells and inhibits their release of H 2 O 2 . Further studies showed that recombinant NIF bound to the I domain of CD11b/CD18 and, in doing so, blocked the interaction between neutrophils and fibrinogen (97) . NIF is being evaluated as a therapeutic anti-inflammatory agent; when administered intravenously as cationic liposomes, it is selectively expressed in the lungs of mice and prevents lung vascular damage after lipopolysaccharide challenge (155) . Distant homologues of NIF have recently been reported as ESTs from adult N. americanus (34) , although their functional roles have yet to be determined.
C-Type Lectins
C-type lectins (C-TLs) are a family of sugar-binding proteins that act as receptors for glycoprotein ligands. They are found in serum and on the surface of endothelial and immune effector cells (including antigen-presenting cells and T and B cells), where they play pivotal roles in orchestrating the immune system (148) . C-TLs with structural and functional similarity to mammalian immune system lectins were recently found in parasitic nematodes, and they represent major surface and secreted products of tissue-dwelling larvae of Toxocara canis (78) . These parasite-derived C-TLs might be involved in immune evasion by competing with host lectins for binding to ligands involved in inflammation (77) . ESTs encoding C-TLs with sequence similarity to host immune system lectins such as P-selectin and CD23 were recently found in adult N. americanus (34, 77) . These proteins might dampen the local inflammatory responses to parasites feeding in the gut. Snake venom contains C-TLs that inhibit blood clotting by binding to coagulation factors (5, 139) ; hookworms and other hematophagous helminths might also use similar mechanisms. We are presently investigating the possible roles of hookworm C-TLs in immune evasion and other physiological processes.
Anticoagulant Peptides
The anticoagulant properties of hookworms were first reported almost 100 years ago (72) , and in 1966 a comprehensive review of hookworm-induced anemia was published (127) . At the time, it was known that hookworms secreted molecules that induced anticoagulation to assist feeding and that the inability of the host to form a clot at the site of attachment resulted in anemia if worm numbers were great enough. In more recent years, significant progress has been made in dissecting the molecular mechanisms by which hookworms interfere with the clotting cascade. Metalloproteases of A. caninum that interfered with clot formation were identified and cloned (58, 60; B. F. Jones and P. J. Hotez, Abstr. Am. S Trop. Med. Hyg. Annu. Meet., p. 262 1999).
More recently, numerous families of small, anticlotting peptides have been found in A. caninum. AcAP is an 8.7-kDa peptide secreted by adult A. caninum which has no homology to other anticoagulants but is a potent inhibitor of factor Xa (23) . Subsequently, a family of related peptides were identified (137), one of which uniquely inhibited a complex of blood coagulation factor VIIA and tissue factor. In addition to inhibitors of coagulation factors, adult A. caninum hookworms secrete a protein that inhibits the adherence of platelets to fibrinogen and collagen (26) . Anticoagulant proteins such as those described here provide novel targets for the development of antihookworm vaccines and specific inhibitors, as well as the development of new antithrombotic therapies for human and veterinary medicine.
Proteases
Proteases are instrumental in clotting (and anticlotting) cascades but also play immunoevasive roles in some parasitic infections. The first protease from hookworms to be described by mechanistic class was a zinc-dependent, elastin-cleaving metalloprotease from A. caninum (see "Anticoagulant peptides" above). Metalloproteases in ES products of adult N. americanus are important in immunomodulation by cleaving eotaxin and inhibiting eotaxin-mediated recruitment of eosinophils to sites of inflammation in vivo (33) .
Cysteine proteases are abundant in nematodes, and potent cathepsin L-like activity was detected in ES products of adult A. caninum (38) . The cDNAs encoding these proteases were cloned, and their sites of expression were localized to esophageal, amphidial, and excretory glands of adult worms (51) . Cysteine proteases have been implicated as allergens in atopic disorders (46, 49) , and patients with enteric A. caninum or anthropophilic hookworm infections mount IgE responses to a cysteine protease-like molecule (75, 80) . Proteolytic allergens might interfere with antigen processing, and research into house dust mite allergens explains at least one mechanism. Dust mite cysteine proteases, such as Der p I, not only are potent allergens but also can selectively cleave the low-affinity Fc⑀ receptor, CD23, from the surface of B cells (57) . Consequent generation of soluble CD23 and the removal of negativefeedback signals for IgE might promote IgE synthesis and enhance type I hypersensitivity. Hookworms secrete cysteine proteases, and patients infected with N. americanus have elevated levels of soluble CD23 (110), suggesting parallel mechanisms.
Cleavage of Igs seems an obvious tactic in immune evasion. Cysteine proteases secreted by the parasitic platyhelminths Fasciola hepatica (14) and Spirometra mansoni (66) specifically cleave IgG molecules at the hinge region. ES products of N. americanus include proteases capable of cleaving IgA (to a greater extent than other Ig isotypes) to yield Fab fragments that can block complement or phagocyte attack mediated by intact IgG or IgM (107) . This finding is especially interesting, since secretory IgA seems to play an important role in triggering the degranulation of eosinophils (1) .
Aspartic proteases are another class of proteolytic enzyme found in the secretions and intestines of parasitic helminths, and they have been implicated in hemoglobin digestion (73) . Extracts of larval and adult N. americanus contain aspartic protease activity (21, 22) , and an EST encoding a pepsinogenlike aspartic protease was recently found in adult worms (34) . In addition, a cDNA encoding a cathepsin D-like aspartic protease was cloned from A. caninum (50) . Computer modeling of this protein (AcASP1) predicted that it would cleave canine hemoglobin more efficiently than it cleaved human hemoglobin (16) . Recently, recombinant Schistosoma japonicum aspartic protease was shown to cleave Igs at the hinge region as well as the complement protein C3 in vitro (146) . While an immunoevasive role has not been investigated for hookworm aspartic proteases, it is probable that they perform multiple functions in vivo.
Protease Inhibitors
Proteases occur in all life-forms and are involved in virtually all essential physiological processes; salient here are their roles in mammalian nutrition, antigen processing and presentation, and programmed cell death. Specific protease inhibitors can have major physiological effects. Serine protease inhibitors (serpins) of viruses can inhibit the release of proinflammatory cytokines (125) , and a serpin from blood-dwelling microfilariae of the lymphatic parasite Brugia malayi specifically inhibits neutrophil cathepsin G in vitro (154) . Recently, a Kunitz-type serpin termed AceKI-1 was cloned and expressed from A. ceylanicum (95) . AceKI-1 was found in ES products of adult worms and was a potent inhibitor of mammalian serine proteases involved in digestion (trypsin, chymotrypsin) as well as immunity (neutrophil cathepsin G), suggesting multiple potential roles for this inhibitor in vivo (95) . A trypsin inhibitor with sequence similarity to potassium channel-blocking toxins was identified among the Necator EST data set (34) , and ESTs from A. caninum encoding inhibitors of trypsin and chymotrypsin have also recently been deposited in dbEST. Like serpins, inhibitors of cysteine proteases (cystatins) have immunomodulatory properties, and a cystatin from the filarial parasite Acanthocheilonema vitae downregulates T-cell proliferation and enhances IL-10 production (52). Furthermore, an abundantly expressed cystatin from B. malayi (48) interrupts antigen processing (83) . Cystatins have not been found in hookworms but are very likely to be expressed by larvae and/or adults, especially given the recent deposition in GenBank of a cystatin-encoding cDNA from the related blood-feeding trichostrongyle nematode Haemonchus contortus.
Antioxidants
Nematodes secrete antioxidant enzymes that might protect exposed cuticular surfaces by neutralizing host free radicals generated by the oxidative burst of leukocytes. Genes encoding superoxide dismutases (SODs) have been cloned from a range of parasitic nematodes (62, 71, 140, 142) . Extracts of N. americanus contain Cu/Zn SOD activity (138) , although cDNAs encoding this family of proteins have yet to be identified from hookworms. While their contribution to parasite protection is widely accepted, it has also been suggested that nematode SODs (such as those secreted by hookworms) play an offensive rather than defensive role (19) . Another family of antioxidants secreted by parasitic helminths are glutathione S-transferases (GSTs) (17) , which are thought to neutralize lipid hydroperoxides (20) . GSTs have been purified from extracts and ES products of N. americanus and A. ceylanicum (18) , but their gene sequences are not available. Although their biological roles in parasite infections are poorly understood, GSTs are of interest in helminth vaccine research, given the high levels of protection they induce against trematode infections (135, 151) .
Acetylcholinesterase
Having cholinergic motor neurons, both free-living and parasitic nematodes are likely to use acetylcholinesterase (AChE) to hydrolyze acetylcholine. The free-living species Caenorhabditis elegans expresses multiple AChE isoforms (47) , one of which is secreted by muscle cells and is responsible for coordinated movement (56) . However, many parasitic nematodes, including hookworms, secrete AChE from esophageal and amphidial glands (88, 111) , and the enzyme is highly immunogenic in necatoriasis (101) . Numerous roles have been proposed for nonneuronal AChE in nematode infections, including inhibition of host gut peristalsis, regulation of enteric secretory mechanisms (61) , and immunomodulation (107) . The binding kinetics of AChE purified from ES products of adult N. americanus have been analyzed in some detail (109) . AChE activity has also been detected in Ancylostoma spp. (4, 100) but at significantly lower levels than those in Necator (147) . All of these hookworms have comparable effects on host gut motility, suggesting that secretory AChE might not suppress gut motility but serves an as yet unknown function (118) . AChE genes have been cloned from the rodent parasite Nippostrongylus brasiliensis (61) and from plant parasitic nematodes (105) but not yet from hookworms.
Six-Cysteine Domains in Hookworm Proteins
Formerly known as NC6, six-cysteine (SXC) domains are evolutionarily mobile cassettes consisting of about 36 amino acids with 6 perfectly conserved cysteine residues. The motif usually occurs as a tandem pair of SXC domains at either the N or C terminus or both termini of the protein. SXC domains were first found in a lipid-binding protein in the infective larval surface coat of Toxocara canis (43) , and the only homologs that could be found at the time were predicted proteins from C. elegans. SXC domains have since been identified in other nematode proteins, including mucins from T. canis tissue larvae (44, 76, 84) , and in ESTs from B. malayi and over 70 ESTs from C. elegans, where they are found fused to metalloprotease and tyrosinase domains (15) . The role of the SXC motif is unknown, but all nematode proteins containing this cassette possess a signal peptide (where the 5Ј end of the gene has been obtained), suggesting an extracellular role. This is further supported by expression of SXC-containing proteins on the surface of T. canis infective larvae (44, 84) . A recent EST survey of N. americanus cDNAs identified three clusters encoding different SXC-containing proteins (34) . These proteins were unique for several reasons: they consisted of a signal peptide followed by a single SXC domain, as opposed to a tandem pair, and they did not accompany other protein domains of known function. The only known nonnematode peptides with a domain structure resembling SXC motifs are from sea anemone toxins (35) , and, as in hookworms, the majority of these proteins consist of a signal peptide followed by a single SXC domain. Some of these anemone proteins potently block potassium channels of T cells (65) via a functional Lys-Tyr diad. While this diad is absent from the Necator homologs, it is reasonable to suspect that hookworm SXC-containing peptides play an analogous role in suppressing T cells during chronic hookworm infections. ES products from N. americanus induce apoptosis of T cells in vitro (27) , and SXC peptides might be involved in suppressing and/or killing host cells. In addition, given that SXC-containing proteins are expressed at the parasite surface in T. canis at least, proteins containing this domain in hookworms are likely to be exposed to the immune system, and so they deserve further investigation.
Calreticulin
The calcium-binding protein calreticulin, ubiquitously expressed in the cells of higher organisms, has been proposed to have numerous functions, including molecular chaperoning (98) , calcium signaling (90) , and integrin-mediated signaling and cell adhesion (28) . Probably found in the secretions of N. americanus, calreticulin was recently shown to be the major allergen recognized by IgE from patients infected with the parasite (108) . Its role as an extracellular secreted product of nematodes remains speculative, but some intriguing immunomodulatory properties can be extrapolated from studies with mammalian calreticulin. First, it can bind to C1q of the complement system (39) , and, second, it has lectin-like properties (67) , which might be exploited by secreted parasite homologs to bind to and cross-link cell surface glycoproteins involved in the regulation of IgE production (108) . Given the lectin-like properties of calreticulin, it might also be involved in skewing the immune response towards the Th2 phenotype (see "C-type lectins" above).
Since investigations in the field of hookworm secretory molecules are still in their infancy, numerous intriguing findings are expected in the near future.
CONCLUSIONS
Despite the public health importance of hookworm infections, very little of practical significance is known about the details of how the parasites interact with their hosts, including the nature and effectiveness of the immune responses that are generated. These complex responses contribute to pathogenesis but have a questionable effect on parasite numbers, fecundity, and longevity. Research is hampered by the lack of suitable animal models and other constraints; while the size of adult parasites facilitates the acquisition of genetic material, obtaining specimens from infected humans can be problematic. Parasite secretions undoubtedly play key roles in triggering and modulating host tissue responses, and the discovery of new gene families and their protein products should contribute much to our understanding of host-parasite interactions.
Matters of expediency compel researchers to emphasize the discovery of novel vaccine molecules for controlling hookworm infections. However, the critical role of hygiene and sanitation in the transmission dynamics of these parasites is very well known, and even without a change in living conditions, hookworms have been cleared from communities by targeted chemotherapeutic intervention (121) . Assuming that a safe and effective vaccine could be developed, its availability would raise many pertinent questions. Even if it were 99% effective, i.e., allowed only 1% of invading larvae to develop into adult worms, a person exposed to 100 larvae per day would still accumulate a considerable worm burden. And which individuals should receive it? Even in heavily affected populations, only a minority carry worm burdens sufficient to cause serious health problems. Should the entire community pay the cost of protecting a minority or risk potential side effects from a vaccine that many do not need? Further, would offering a community such a vaccine take the responsibility away from governments or developed countries to help improve living conditions in regions of endemic infection?
Research in hookworm molecular biology and immunology does not need such pragmatic justification, for the information derived will provide fascinating insights into the way we interact with these (and many other) remarkable parasites, will shed light on many detailed aspects of our own basic biology, and, inevitably, will reveal a plethora of novel molecular mechanisms that will be eminently exploitable in a chemotherapeutic sense.
